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Robust Nonlinear Adaptive Backstepping Controller
Design for Three-Phase Grid-Connected Solar
Photovoltaic Systems with Unknown Parameters
T. K. Roy, M. A. Mahmud, Member, IEEE, A. M. T. Oo, Member, IEEE, and M. E. Haque, Senior Member, IEEE
Abstract—This paper presents a nonlinear control scheme to
regulate the dc-link voltage for extracting the maximum power
from PV system and the current to control the amount of injected
power into the grid. The controller is designed using an adaptive
backstepping technique by considering the parameters of the system
as totally unknown. The control of power injection into the grid
requires the regulation of active and reactive components of the
output current of the inverter in order to control active and
reactive power, respectively. The proposed controller is adaptive
to unknown parameters of grid-connected solar photovoltaic (PV)
systems and these parameters are estimated through the adaptation
laws while guaranteeing the extraction of maximum power from
the PV system and delivering appropriate active and reactive
power into the grid. The overall stability of the whole system is
analyzed based on the formulation of control Lyapunov functions
(CLFs). Finally, the performance of the designed controller is
tested on a three-phase grid-connected PV system under changeing
environmental conditions and the result is also compared with
an existing backstepping controller in terms of improving power
quality. Simulation results indicate the robustness of the proposed
scheme under changing atmospheric conditions.
Index Terms—Adaptive backstepping controller, control Lya-
punov function, solar PV system, unknown parameters.
I. INTRODUCTION
RENEWABLE energy sources (RESs), especially wind andsolar, have gained much attractions in recent year as alter-
native means of generating power as compared to the traditional
sources due to several reasons. The integration solar photovoltaic
(PV) systems is increasing as these solar PV systems exhibit
some distinctive characteristics such as ease of installation,
longer operating time, noise free operation, and environment
friendliness [1]–[3]. Though the solar PV systems can be in-
stalled in two fashions: stand-alone and grid-connected, however,
most of the PV systems (approx. 98%) are installed as grid-
connected systems [4].
In a grid-connected PV system, the main objectives are to
extract the maximum power from the PV system and deliver that
power into the grid with high power quality, i.e., very low total
harmonic distortion (THD). The maximum power point tracking
(MPPT) system is used for the extraction of maximum power and
the inverter switches are controlled to inject the desired amount
of harmonic free power into the grid [5]. These control tasks
pose some new challenges in the operation of grid-connected
solar PV systems under varying atmospheric conditions.
Since the availability of sunlight is intermittent, the output
power of the solar PV system is continuously varying with
changes in environmental conditions such as solar irradiation and
temperature. Moreover, the switching functions of the powe con-
verters and inverters are highly nonlinear. Thus, the maintenance
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of stable operation of solar PV systems requires the design and
implementation of controllers. There is an extensive literature
on the design of linear controllers for grid-connected solar PV
systems to maintain the stability [6]. However, these linear
controllers are unable to perform the desired tasks (maximum
power extraction and the delivery of required power) under a
wide variation of operating points, i.e., significant changes in
atmospheric conditions [7].
Nonlinear controllers can be used to overcome the limitations
of linear controllers as these controllers are independent of oper-
ating points and have the ability to provide satisfactory operation
under changing atmospheric conditions. Some examples of non-
linear controllers for grid-connected solar PV systems include
sliding-mode controller [8], model predictive controller [9], and
feedback linearizing controllers (FBLCs) [10]. Among these
nonlinear controllers, feedback linearization method is a widely
used nonlinear control technique in power system applications
which transforms a nonlinear system to a linear system by
canceling the inherent nonlinearities within the system. In [11]–
[13], a nonlinear FBLC to analyze the dynamic stability of a
three-phase grid-connected PV system. Although this method
provides satisfactory performance over a wide range of operating
points, it requires exact parameters of the system to achieve the
desired control objectives. In reality, it is quite impossible to
know the exact parameters of a grid-connected solar PV systems
rather than some nominal values and some useful nonlinearities
may be canceled. Moreover, the FBLCs as proposed in [11]–[13]
are used only to control active power and this is not the case in
recent years as the inverter must provide some reactive power
supports.
A model predictive controller is proposed in [9] to control
a single-phase grid-connected solar PV system and the main
advantage of this approach is the constant switching frequency
which makes the filter design much easier. But this method
still requires the exact parametric information of the system.
Slide-mode controllers have the robustness against the paramet-
ric uncertainties and a sliding-mode controller for three-phase
grid-connected system is proposed in [14]. However, the main
difficulty with the sliding mode controller is the selection of the
sliding surface with abrupt changes in atmospheric conditions. A
nonlinear backstepping controller is proposed in [15], [16] which
overcomes some limitations of feedback linearizing controller
by considering full nonlinearities of the system. However, the
backstepping controller as proposed in [15], [16] requires the
original parametric values of the system.
The parameters of grid-connected solar PV system can be
considered as totally unknown and estimated through adapta-
tion laws by guaranteeing the convergence of several physical
properties of the system, such as dc-link voltage, active and
reactive power, to their desired values. In this case, a nonlinear
adaptive backstepping controller will be the most useful one as
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Fig. 1. Three-phase grid-connected solar PV system
it will count all nonlinearities within the system and estimate
the parameters of the system by considering them as totally
unknown.
This paper focuses on the design of a nonlinear adaptive back-
stepping controller to control dc-link voltage and the injection of
active and reactive power into grid. The control laws are derived
by considering all parameters of grid-connected solar PV systems
as unknown. The convergence of different physical properties
at every step is ensured through the negative derivativeness of
the control Lyapunov functions (CLFs). The performance of the
proposed scheme is evaluated by considering the convergence
capability of the desired control objectives and power quality.
II. PV SYSTEM MODEL WITH UNKNOWN PARAMETERS
Fig. 1 represents a typical three-phase grid-connected solar
PV system which comprises of a PV array, a dc-link capacitor
C, a three-phase inverter, and a filter inductor L. The filter is
connected to the grid via grid voltages ea, eb, and ec. This filter
inductor L is used to reduce the ripples in the output current
of the inverter where these ripples appear due to pulse width
modulation (PWM) switching scheme. The main purpose of
ensuring the convergence of the dc-link voltage is to maintain a
certain voltage level for the PV array which is suitable for the
voltage source inverter (VSI) and this requires the dynamical
model of the dc-link capacitor in terms of the dc-link voltage.
On the other hand, the output current of the inverter consists of
two components: active and reactive and the amount of active and
reactive power injection depends on these currents. Thus, it is
essential to obtain the dynamic characteristics of these currents.
In the stationary abc-frame, the dynamical model of the grid-
connected inverter system can obtained by applying KVL at the
output loop of the inverter and can be represented through the
following differential equations [5]:
L
dia
dt
= −Ria − ea +
vpv
3
(2Sa − Sb − Sc)
L
dib
dt
= −Rib − eb +
vpv
3
(−Sa + 2Sb − Sc)
L
dic
dt
= −Ric − ec +
vpv
3
(−Sa − Sb + 2Sc)
(1)
where the symbols carry their usual meaning as presented in [5]
and S with subscript a, b, and c represent the switching actions
which are the original control inputs of the system. The dy-
namical model as represented by equation (1) are instantaneous
and time-varying. However, this time-varying model needs to be
converted into time-invariant model for the purpose of designing
controller. For this, the model should be transformed into an
orthogonal synchronous frame which must be rotating at the
angular frequency of the grid, i.e., ω = 2pif . Here, the instan-
taneous dynamical model can be converted into a time-invariant
model using dq transformation. Using dq transformation, the
dynamics of active and reactive components of the current can
be written as
I˙d = −
R
L
Id + ωIq −
1
L
Ed +
vpv
L
Sd
I˙q = −
R
L
Iq − ωId −
1
L
Eq +
vpv
L
Sq
(2)
where the symbols carry their own meanings and this can be
found in [5]. The dynamic of dc-link voltage can be obtained by
applying the KCL at the node where the capacitor is connected
and this can be written as
C
dvdc
dt
= ipv − ig (3)
Assuming that the losses due to switching actions of the inverter
are negligible. This indicates the power balances between the
input and output of the inverter, i.e., Pdc = vdcipv = Pg where
Pg is the power delivered to the grid. Using this power balance
equation, equation (3) can be written as
v˙dc =
1
C
(
Pg
vdc
− ig) (4)
In the synchronous rotating dq-frame, the active and reactive
powers exchanged between the PV array and the grid are given
by
Pg =
3
2
(EdId + EqIq)
Qg =
3
2
(EdIq − EqId)
(5)
However, in steady-state, the average value of Eq is equal to
zero. Thus, equation (5) can be rewritten as
Pg =
3
2
EdId
Qg =
3
2
EdIq
(6)
Equation (6) indicates that if the amplitude of Ed is constant, ac-
tive and reactive power delivered into the grid can be controlled
by controlling direct- and quadrature-axes current components,
respectively.
Now the complete dynamical model of a three-phase grid-
connected PV system can be described by the following set of
differential equations:
v˙dc =
3
2Cvdc
EdId −
ig
C
I˙d = −
R
L
Id + ωIq −
1
L
Ed +
vpv
L
Sd
I˙q = −
R
L
Iq − ωId −
1
L
Eq +
vpv
L
Sq
(7)
Equation (7) represents the dynamical model of three-phase grid-
connected solar PV systems. In this model, the parameters of the
system are R, L, and C.
In practice, it is very hard to know the exact values of the
parameters which are used in a PV system. Therefore, these
parameters can be considered as unknown and incorporated in
the controller design process. When the parameters within the
PV system model are considered as unknown, it can be written
as
θ1 =
1
C
, θ2 =
R
L
, and θ3 =
1
L
(8)
By incorporating all these unknown parameters into the dynam-
ical model of a grid-connected PV system as represented by
equation (7), it can be written as
v˙dc = θ1(
3
2vdc
EdId − ig)
I˙d = −θ2Id + ωIq − θ3Ed + θ3vpvSd
I˙q = −θ2Iq − ωId − θ3Eq + θ3vpvSq
(9)
Equation (9) represents the complete dynamical model of a three-
phase grid-connected PV system with unknown parameters in
the dq-frame and the controller can be designed based on this
model. The design procedure a nonlinear adaptive backstepping
controller for a three-phase grid-connected PV system is dis-
cussed in the following section.
III. PROPOSED CONTROLLER DESIGN
In this section, the control laws Sd and Sq are derived in such
a way that Id and Iq can track their predefined reference values
for injecting desired amount of active and reactive power into
the grid. The following steps are followed to obtain the control
inputs:
Step 1: For the convergence of the dc-link voltage, the voltage
tracking error can be defined as
e1 = vdc − vdcref (10)
where vdcref is the dc-link reference voltage. The error dynamics
of the dc-link voltage can be written as
e˙1 = v˙dc − v˙dcref (11)
By inserting the value of v˙dc from equation (9) into equa-
tion (10), it can be written as
e˙1 = θ1(
3
2vdc
EdId − ig)− v˙dcref (12)
In order to handle the unknown parameter θ1 as appears in
equation (12), it is essential to define this parameter in term of the
estimated value θˆ1. Now the estimation error of this parameter
can be defined as θ˜1 = θ1− θˆ1. Thus, in terms of the estimation
error, equation (12) can be rewritten as
e˙1 = θˆ1(
3
2vdc
EdId − ig)
+ θ˜1(
3
2vdc
EdId − ig)− v˙dcref
(13)
where Id is a stabilizing function for equation (10). In order
to stabilize the dynamics of the dc-link error, the CLF can be
chosen as
W1 =
1
2
e2
1
+
1
2γ1
θ˜2
1 (14)
where γ1 represents the adaptation gain which is selected in
such a way that the estimation error converges to zero. Now the
derivative of W1 can be written as
W˙1 = e1e˙1 −
1
γ1
θ˜1
˙ˆ
θ1 (15)
By inserting the value of e˙1 from equation (13) into equa-
tion (15), it gives
W˙1 = e1
(
θˆ1(
3
2vdc
EdId − ig)− v˙dcref
)
−
1
γ1
θ˜1
(
˙ˆ
θ1 − γ1(
3
2vdc
EdId − ig)
) (16)
At this point, the stabilizing function of Id needs to be selected
in such a way that W˙1 would be negative semi-definite, i.e.,
W˙1 ≤ 0 which makes the system asymptotically stable. In such
cases, the synthetic value for Id can be chosen as
α =
2vdc
3Ed
ig +
2vdc
3Edθˆ1
(v˙dcref − k1e1) (17)
where k1 > 0 is a positive constant which is used to tune
the output responses. After selecting this, equation (16) can be
written as
W˙1 = −k1e
2
1
−
1
γ1
θ˜1(
˙ˆ
θ1 − τ) (18)
where τ is the tuning function which is defined as follows:
τ = γ1(
3
2vdc
EdId − ig) (19)
Now, the derivative of α is taken as it is essential in the next
step and this derivative is
α˙ = A+Bθ1 (20)
where
A =
vdc i˙g
3Ed
−
2E˙dvdcig
3E2d
+
2vdcv¨dcref
3Edθˆ1
+
2vdcv˙dcrefk1
3Edθ1
−
2vdc(v˙dcref − k1e1)(E˙dθˆ1 + Ed
˙ˆ
θ1)
3E2d θˆ
2
1
B =
2
3
(
ig
Ed
+
v˙dcref − k1e1
Edθˆ1
−
k1vdc
Edθˆ1
)(
3EdId
2vdc
− ig
)
This derivative will be used in the following step in order to
obtain the final control inputs.
Step 2: As α is not the actual control input, the d-axis (active)
current tracking error can be defined as
e2 = Id − α (21)
The dynamics of d-axis current tracking error, using the values
of I˙d from equation (9) and α˙ equation (20), can be written as
e˙2 = −θ2Id + ωIq − θ3Ed + θ3vpvSd −A−Bθ1 (22)
In terms of estimation errors, equation (22) can be rewritten as
e˙2 = −θˆ2Id − θ˜2Id + ωIq − θˆ3(Ed − vpvSd)−
θ˜3(Ed − vpvSd)−A−Bθˆ1 −Bθ˜1
(23)
where θ˜i = θi − θˆi with i = 2, 3 represents the parameters
estimation error. Now, lets define the q-axis (reactive) current
tracking error as
e3 = Iq − Iqref (24)
whose dynamics can be written as
e˙3 = −θ2Iq − ωId − θ3Eq + θ3vpvSq − I˙qref (25)
In terms of estimation error, equation (25) can be rewritten as
e˙3 = −θˆ2Iq − θ˜2Iq − ωId − θˆ3(Eq − vpvSq)
− θ˜3(Eq − vpvSq)− I˙qref
(26)
In backstepping control scheme, a Lyapunov function is usu-
ally used for driving the conditions on the control law that will
drive the state trajectory to the equilibrium point. Therefore, the
following CLF is considered to obtain the control input signals
Sd and Sq.
W2 = W1 +
1
2
e2
2
+
1
2
e2
3
+
1
2γ2
θ˜2
2
+
1
2γ3
θ˜2
3 (27)
where γ2 and γ3 represent another two adaptation gain parame-
ters. Now the derivative of this CLF can be written as
W˙2 = W˙1 + e2e˙2 + e3e˙3 −
1
γ2
θ˜2
˙ˆ
θ2 −
1
γ3
θ˜3
˙ˆ
θ3 (28)
The substitution of the values of W˙1 from equation (18), e˙2
from equation (23), and e˙3 from equation (26) into equation (28)
yields
W˙2 = −k1e
2
1
+ e2(−θˆ2Id + ωIq − θˆ3(Ed − vpvSd)
−A−Bθˆ1) + e3(−θˆ2Iq − ωId − θˆ3(Eq − vpvSq)
− I˙qref )−
1
γ1
θ˜1(
˙ˆ
θ1 − τ + γ1Be2)−
1
γ2
θ˜2(
˙ˆ
θ2
+ γ2e2Id + γ2e3Iq)−
1
γ3
θ˜3(
˙ˆ
θ3
+ γ3e2(Ed − vpvSd) + γ3e3(Eq − vpvSq))
(29)
Now in order to eliminated the influence of θ˜1, θ˜2, and θ˜3 in
W˙2, the adaptation laws can be chosen as follows:
˙ˆ
θ1 = τ − γ1Be2
˙ˆ
θ2 = −γ2(e2Id + e3Iq)
˙ˆ
θ3 = −γ3 (e2(Ed − vpvSd) + e3(Eq − vpvSq))
(30)
With these adaptation laws, equation (29) can be simplified as
follows:
W˙2 = −k1e
2
1
+ e2(−θˆ2Id + ωIq
− θˆ3(Ed − vpvSd)−A−Bθˆ1) + e3(−θˆ2Iq
− ωId − θˆ3(Eq − vpvSq)− I˙qref ))
(31)
To ensure the asymptotic stability of the whole system, the
derivative of W2 should be negative semi-definite, i.e., W˙2 ≤ 0
which can be achieved by choosing the following control laws:
Sd =
1
θˆ3vpv
(θˆ2Id − ωIq + θˆ3Ed +A− k2e2 +Bθˆ1)
Sq =
1
θˆ3vpv
(θˆ2Iq + ωId + θˆ3Eq + I˙qref − k3e3)
(32)
With these control laws, equation (31) can be written as
W˙2 = −k1e
2
1
− k2e
2
2
− k3e
2
3
≤ 0 (33)
Therefore, the whole PV system will be asymptotically stable
with the proposed controller. The effectiveness of the designed
controller is verified with the simulation results in the following
section.
IV. CONTROLLER PERFORMANCE EVALUATION
A similar system as shown in Fig. 1 is used to evaluate the
performance of the designed controller. The PV module used in
this system is a SPR 305-WHT PV module and the electrical
characteristics of this PV module along with relevant data can
be seen in [16]. The output of the dc-dc converter is fed to
a dc-link capacitor where a constant voltage 500 V is always
maintained through the MPPT system. The three-phase inverter
converts this 500 V dc voltage into 260 V ac voltage and the
amount of power injection depends on the output power of
the PV array at that instant and the desired power factor. The
power factor determines the proportion of active and reactive
power which need to be delivered into the grid. The inverter is
coupled with the grid through a 100 kVA, 260 V/20 kV three-
phase coupling transformer. The simulations are carried out in
MATLAB/SIMULINK environment.
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atmospheric conditions
The performance of the designed nonlinear adaptive backstep-
ping controller (NABC) is compared to that of an existing non-
linear backstepping controller (ENBC). In both cases, the similar
model is used and the only differences are the consideration and
estimation of unknown parameters with the proposed scheme.
With the existing scheme, the parameters of the PV system are
considered as: R = 0.2 Ω, L = 25 mH, and C = 6 µF and
for the proposed scheme, the values of these parameters are
estimated as R = 0.19 Ω, L = 24.3 mH, and C = 5.8 µF;
respectively. For the proposed scheme the adaptation gains are:
γ1 = 2, γ2 = 10, and γ3 = 6; and these adaptation gains are not
required for the ENBC. For both cases the the controller gains
(k1, k2, and k3) are chosen as 2, 5, and 8.
During the practical operation of a solar PV system, the
solar irradiation and temperature vary with time for which the
output power of the PV unit changes significantly. In this paper,
the performance of the controller is tested under changes in
atmospheric conditions. At the beginning, it is assumed that
the system is running at standard atmospheric condition with
an irradiance of 1000 W/m2 till t=0.6 s. The control objectives
are set to deliver 80 kW active power and 60 kVAr reactive
power, i.e., to operate at 0.8 power factor (pf). Suddenly, the
atmospheric condition, i.e., the solar irradiance changes from
1000 W/m2 to 600 W/m2 at t=0.6 s and this situation continues
till t=0.9 s. This changes in the atmospheric condition will affect
the amount of active and reactive power injection into the grid
which can be seen from Fig. 2, and Fig. 3. After t=0.9 s, the
system continuously runs at standard atmospheric condition, i.e.,
the solar irradiation increases from 600 W/m2 to 1000 W/m2. In
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Fig. 4. Active current tracking under standard and changing atmospheric
conditions
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this situation, the amount of active and reactive power delivered
into the grid will be 80 kW and 60 kVAr, respectively which
can also be seen from Fig. 2, and Fig. 3.
The change in solar irradiance will also affect the active
and reactive components of the currents and the corresponding
changes can be seen from Fig. 4 and Fig. 5, respectively. The dc-
link voltage tracking performance of the controller is also shown
in Fig. 6. From Fig. 4 to Fig. 6, it can be considered that the
designed controller exhibits robust current and voltage tracking
performance. Apart from this, the designed NABC improves the
power quality of the system as compared to the ENBC. The
improvement in power quality with the designed controller, as
compared to the ENBC, can be seen from Fig. 7 and Fig. 8.
From Fig. 7, it can be seen that the THD with the NABC is
2.93% and that of for the ENBC is 3.45% which can be seen
from Fig. 8.
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Fig. 7. THD in grid current with the proposed adaptive backstepping controller
under changing atmospheric conditions
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Fig. 8. THD in grid current with the existing backstepping controller under
changing atmospheric conditions
V. CONCLUSION
A new recursive method for estimating the unknown pa-
rameters of a three-phase grid-connected solar PV system is
proposed in this paper. The adaption laws estimate the unknown
parameters of the system in such a way that the controller
ensures the injection of appropriate active and reactive power
into the grid. The stability of the whole system is ensured
through the negative definiteness of the derivation of control
Lyapunov functions. The robustness of the designed scheme
is validated through simulation results where the simulations
are carried out in both standard and changing atmospheric
conditions. Simulation results clearly indicate the effectiveness
of the designed scheme in terms of both power sharing and
enhancement in power quality. Future work will investigate the
design of similar controllers by considering external uncertainties
along with the unknown parameters. Future work will also devote
to the estimation of unknown parameters for an interconnected
system with multiple PV arrays.
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